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ABSTRACT
Both squall line formations investigated in this study were associ-
ated with mesoscale fronts. These fronts were located at the edge of a
mass of cold air flowing outward from regions of widespread convective
precipitation. They were definitely not synoptic- scale fronts. In one
case, the cold air outflow was very unsymmetrical, presumably because
of the strong large-scale pressure gradients present.
In both squall lines other factors beside the existence of the fronts
were important. In one case, a gradual drying of the air aloft appeared
to inhibit the initial cell development. However, later, when cells did
eventually develop, more intense convection was produced.
Since these mesosystems could not be adequately described from
the available weather station reports, special techniques had to be de-
vised and new data sources found. A new method of pressure reduction
was developed for mesoanalyses using the available radiosonde data. A
quantitative means of comparison with the standard reduction technique
was proposed. In one case, a 1300-foot reference level was chosen so
that reductions were most accurate in the region of the squall line for-
ination. Maximum temperature records were used successfully to ob-
tain more detailed temperature information. For one of the investigations,
-data was obtained by instrumenting an automobile andtraver sing the
squall line.
Thesis Supervisor: Frederick Sanders
Title: Associate Professor
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Section 1. Present theories of squall line formation
1. 1 Introduction
Although the squall line has received considerable attention, its
formation (i. e., when a definite line of radar echos appears) has not
been adequately documented on a scale comparable with the squall line
itself. Many studies have concentrated only on the synoptic conditions
which produce the squall line. This paper describes in detail, through
the use of both radar and surface observations, the meso- scale features
cf the formation of two squall lines and offers a physical explanation for
their development. Novel data sources and new techniques are also
presented.
1.2 Summary of present theories of squall line formations
In this paper a squall line is defined as any group of convective
precipitation cells (usually observed by radar) which lie in a line,
whether or not severe weather is produced.
Because of the excellent review articles published in Severe
Local Storms (Meteorological Monographs, Volume 5, No. 27,
September 1963), it is not necessary to recount the present knowledge
of the squall line in detail.
Since the squall line is composed of convective clouds, convec-
tive instability must be present for it to occur. A list of several
possible mechanisms which can release this instability in a line is
given below. The references are incomplete since more adequate
compilations may be found in Severe Local Storms.
A long, narrow region of maximum potential instability can be
formed by a cold trough at 500 mb (Reed and Prantner, 1961), or by a
tongue of moist, warm air near the surface (Fawbush, Miller and
Starret, 1951). If, in addition, there is uniform upward motion over
the whole region, the first convection would be in a line, resulting in
the formation of a squall line.
Conversely, the maximum upward motion may be oriented along
a line. If, in addition, there is uniform instability, a squall line could
form in the zone of maximum upward motion. Elongated zones of up-
ward motion can be caused by localized convergence in the lower
troposphere associated with the low-level jet (Breiland, 1958); cold
fronts (Newton, 1950); surface pressure troughs (Fujita, 1955); sea
breezes; cold air outflow from thunderstorm activity (Fujita, 1957, 1959a);
dry lines (Fujita, 1958); gravity waves (Tepper, 1950); and a rapid rise
in topographic relief such as the Caprock Escarpment in the Texas
Panhandle (Newton, 1963).
Section 2. Proposed pressure reduction technique
2.1 Need for new pressure reduction technique
A squall line affects a much smaller area of the earth than
synoptic scale disturbances. For instance, the 10 May 1964 and 9 June
1965 squall lines described in this paper formed, matured and dissipated
within the shaded regions in Figure 2.1. The surface analyses were ex-
tended to the hatched regions in this figure in order to include the entire
mesosystems which produced the squall lines. However, the number of
good pressure observations in such small regions were insufficient to
describe satisfactorily the mesosystems analyzed. Consequently, every
pressure observation was important.
In the Oklahoma region, of the 48 stations which took observations
on 10 May 1964, only 32 reported pressures reduced to sea level; of these,
five reported such pressures once every three hours and two once every
six hours (see Appendix I for station information and available pressure
observations). Several of the stations with limited pressure reduction
reports were situated near the location of the squall line formation, and
hence were of major importance in this study. Clearly, it would be very
-- desirable to have- reduced pressures at all 48-- stations.
.-- In order to employ any kind of pressure reduction, the station
pressure has to be known. Many of the stations which reported reduced
pressures also gave the station pressure on the WBAN-10 form. How-
ever, for the other stations the station pressure had to be retrieved from
the altimeter setting.
The altimeter setting is fdund by adding at each station a single
correction to the station pressure. This correction is based on the re-
duction of pressure from 10 feet above station elevation to sea level,
assuming a United States Standard Atmosphere. To obtain the station
pressure from the altimeter setting, ten feet were added to the station
elevation and then the correction determined from Bellamy's tables
(1946). Subtracting this correction from the altimeter setting gave the
station pressure. Although this procedure gave exact results, many of
the altimeter settings were only estimated so that additional corrections
had to be applied. These corrections are discussed in Section 2.9.
2. 2 Pressure procedure for reducing pressures
The procedure used by the United States Weather Bureau for re-
ducing pressures to sea level utilizes a fictitious atmosphere beneath the
surface of the earth (Saucier, 1955). The sea level pressure P is es-
r
timated by assuming a mean temperature Ts of this fictitious atmosphere
and then applying the formula
P - Pe S
r s
where H is the height of the station above sea level, g the acceleration
due to gravity, R the atmospheric gas constant, and P the station pres-
s
sure. The method for determining T depends upon the station elevation.s
For stations below 1000 feet Ts is the average of the current temperature
and the temperature 12 hours before. For stations above 1000 feet, Ts
is based upon involved empirical procedures requiring long periods of
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records and considerable computations.
Since most of the stations in the Oklahoma region were above
1000 feet, it was not feasible to use the Weather Bureau procedure to
establish reductions for those stations reporting only altimeter settings.
If useful pressure information were to be obtained from all the stations,
another pressure reduction technique had to be derived.
2.3 Pressure reduction to 1304 feet
Pressures reduced to sea level from high terrain occasionally
have gradients that would produce winds much different from those
actually observed. Usually, this discrepancy is from short-comings in
the reduction technique rather than from physical causes. Since the re-
duction technique uses only the station temperature, small changes in
temperature at high altitude stations can produce large changes in the
reduced pressure. Figure 2.2 shows the pressure at various levels as
a function of the mean temperature, assuming a constant surface pres-
sure of 30. 00 inches. The darkened sections of the lines have a depar-
ture of less than ±. 01 inch from the pressure for a mean temperature
of 30 0 C. For 500 feet, a temperature change of 50 C (9 0 F) produces a
change of ±. 01 inch, while for 1000 feet only a 2. 50C change is necessary.
Although station heights in Oklahoma reach as high as 2202 feet at GAG
(see Appendix I, Figure 1), all of the stations are within 1000 feet of the
height of OKC (1304 feet). Pressures were reduced to 1304 feet rather
than sea level. Thus, the reduced pressures were less dependent upon
the mean temperature chosen for the reduction. The unusual height of
1304 feet was chosen as the reference level for convenience in the re-
duction technique described in the next section. This reference level
has the distinct advantage that no matter what method is used, the most
accurate reduced pressures are those in the region affected by the squall
line.
2.4 Proposed reduction technique
Pressures are reduced for the purpose of determining a function
whose gradient is approximately the horizontal pressure gradient at the
earth's surface. The method used by the United States Weather Bureau
gives a fairly adequate function for synoptic-scale analyses. In trying to
devise a new reduction method for mesoscale analyses, several advan-
tageous facts were considered: 1) the area of interest was much smaller
than for synoptic analyses; 2) no operational requirements were imposed;
3) radiosonde data was available every six hours for the 10 May 1964 case
study.
Figure 2. 3 depicts a vertical section through a sloping portion of
the earth's surface. Radiosonde stations are denoted by letters and
stations without available radiosondes by numbers. To reduce the pres-
sure P at station C, the standard reduction technique computes P ,,-P
. . .-- . c 
-- C c
('APcc"). This procedure involves making a suitable assumption about
the state of the fictitious atmosphere beneath the earth's surface. The
method used in this paper computes from the radiosonde released at
station B AP ' as the correction to be added to Pc. This procedure is
equivalent to assuming that the fictitious atmosphere is the same as the
adjacent real atmosphere.
Since there are no radiosonde stations between B and C, the pres-
sures at all intermediate stations are corrected by the same method (for
station 2, A P' would be added to P2). Since a radiosonde sounding
determines the corrections at all of the stations in its vicinity, local
temperature variations at these stations do not affect the reductions.
In fact, because two stations at the same height have the same correction,
erroneous gradients from different reductions at each station cannot occur.
In order to continue this procedure beyond the range of one radio-
sonde, additional steps must be incorporated. The pressures at stations
D and 3 are reduced exactly like C and 2 (using the radiosonde data from
station C) except H is used as the reference level. AP is added to re-
c
duce these pressures to level HB . The radiosonde at station C, instead
of at B, is used to achieve a better approximation of the gradient at the
surface.
A similar procedure is followed for stations below the reference
level, such as A and 1. The corrections (APM and PAiAs respectively)
are subtracted from the station pressures.
Although the procedure for Figure 2. 3 is objective, difficulties
arise when the earth's surface is considered. A station equidistant from
two radiosonde stations may have a different reduction from each radio-
sonde. The differences are greatest when the radiosondes are sent up
in different air-masses.
In the 10 May 1964 case, reduction discrepancies were least for
stations nearest OKC. The greatest discrepancies occurred in western
____LI_ _ 1___1~_ _I_ _I~ii-.. *-_. I---~_l~-- IC-.-*l-- -^I1~~I^.
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Texas and eastern New Mexico because: 1) the change in air-mass char-
acteristics were largest in this region, and 2) these stations were farth-
est from the reference level. The final reduction for a station was found
by averaging the various radiosonde corrections, subjectively weighted
inversely by the distance. Since radiosondes were released only every
six hours, reductions at all the stations were assumed to change linearly
between these times.
2. 5 Computation of reductions
Although data for graphs of height versus pressure can be ob-
tained from the Northern Hemisphere Data Tabulation (United States
Weather Bureau, 10 May 1964), many of the heights given (especially for
significant points) were found to be too inaccurate for the computation of
reductions. Therefore, all heights were recomputed at 20-mb intervals
for the height range of importance using the formula
96. 095 x T*xAP
H (feet)= P
where T* is the mean virtual temperature (OK) and PMthe mean pressure
in the interval AP. The height increments were then summed and graphs
-of height versus-pressure were made. The station reductions were then
found as outlined in Section 2.4. Since the radiosondes were not always
released at the station elevation, the station height was always used as the
station reference level. Even though radiosonde pressures were only
given to one millibar (. 03 inches), computational accuracy of . 01 inches
could be obtained since any rounding error in AP produced a compensating
error in A H.
2. 6 Comparison of reduction techniques
In this paper the analyses based on the radiosonde data and those
based on the standard techniques are compared subjectively. However,
a quantitative test should be made to determine which method gives a
better approximation to the actual pressure gradient at the earth's sur-
face. Since the actual gradient is unknown, a comparison of the wind
velocities is more logical than a comparison of pressures.
One can compute at each station a hypothetical surface wind V
c
-3P
for each analysis where V is one-half of the geostrophic wind in speed
c
and shifted 300 toward lower pressure in direction. This velocity is ap-
proximately the wind observed when the forces at the surface are balan-
ced. If V is the actual velocity at a station, V -V is a crude test of
the validity of the pressure analysis at each station. The larger the
difference, the poorer the analysis. The sum of the squares ofV -V I
for all the stations in the analysis area should provide a quantitative
comparison of the two analyses and hence of the two reduction techniques..
The lower sum is the better technique. Mathematically, the comparison
formula is
= v + V - c0 -1 --COS
where V and 3g are the speed and direction of the geostrophic wind and
g g
V and P the speed and direction of the actual wind. Such a test is
o
crude but seems to be the only one that is readily computed. The test
is most reliable for conditions where acceleration terms are negligible.
--------l--- ~ I LLU~-_~ ~i-_.^..CIIII_ _1-.II ~_*iUY -~. ~ri
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2.7 Determination of station pressure errors
In order to make a more detailed analysis of the 9 June 1965
squall line, an attempt was made to determine station pressure errors.
Since reduction discrepancies from different radiosondes are least when
homogeneous conditions prevail, 23 June 1965 was chosen for finding
station pressure errors. This day had at 1900 EST fair skies, weak
pressure gradients and small changes of pressure with time. Indeed,
all four radiosondes in New England gave the same reduction for each
station.
One might expect under such conditions that pressure variations
would be smooth. The analysis (Figure 2.4) showed that a mesoscale
trough and windshift line extended through southern New England. This
analysis revealed several stations with reduced pressures that did not
agree with other nearby stations. Station pressure corrections (given
in Table I). were found by requiring a smooth analysis. It is not under-
stood why all corrections were negative.
Table I
Station Correction (inches)
ART -. 04
-- BDR -.02
FMH -.02
HPN -.02
HYA -. 05
ORH -. 02
UCA -. 03
2.8 Comparison of reductions for 9 June 1965
Figures 2. 5 and 4.1 give the surface analyses for 1900 EST
9 June 1965 based on the standard and radiosonde procedures, respec-
tively. No corrections for inaccurate station pressures were made in
either analysis.
Although the two analyses appeared the same with respect to the
larger features, the reductions based upon the radiosondes improved
upon the other analysis in several places. The apparent low near IPT
was eliminated. The tight pressure gradient between MPV and BTV was
reduced. The pressure field aroung SYR was improved so that it better
fit the wind field. The high pressure at UCA resulted from an inaccurate
station pressure as stated in Section 2.7. The above improvements
resulted not only from corrections made to particularly high altitude
stations, but also from smaller changes at moderate altitude stations
in the vicinity.
In both analyses a ridge appeared in eastern Pennsylvania,
although the winds in the region did not reveal such a feature. This
feature, however, was forced into the pressure analysis by the pressure
data. It was thought at first that station pressure errors were respon-
sible. However, at 2100 EST stations in New York City had noticeable
pressure rises, although no windshifts of any magnitude occurred.
Apparently, this ridge was a real feature, but it was too transitory and
weak to cause much change in the wind field.
2.9 Comparison of reductions for 10 May 1964
Figures 2.6 (same as Figure 3.1) and 2.7 present analyses for
__
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0600 CST 10 May 1964 using the reduction based on radiosonde data and
and the standard reduction to sea level, respectively. The most ob-
vious difference between these two analyses was the weaker pressure
gradient in Figure 2. 6, even in central Oklahoma where the new tech-
nique is most accurate. Observed winds were considerably less than the
geostrophic winds in both analyses. The analyses had the same pattern
on the right side of the region where the land was less than a thousand
feet above sea level and only sloping slightly. On the left where the
land was considerably higher and the slope greater, differences were
more pronounced. Neither pressure analysis completely fit the wind
observations. But the overall impression suggested that the analysis
from the radiosonde data was better than the analysis using the
standard technique.
Some of the station pressure observations were clearly inaccurate
and had to be corrected. Reasonable estimates were made based upon the
reduced pressures at other nearby stations. But as few of the station
pressures were changed as possible. In addition, average pressure
values were used when pressures were rapidly fluctuating from thunder-
storm activity. These averages were obtained either from the baro-
grams or the available observations.
13.
Section 3. Formation of the squall line of 10 May 1964
3.1 Analysis for 0600 CST 10 May 1964
The 10 May 1964 squall line formed in western Oklahoma around
1600 CST. It became organized west of most of the p-network operated
by the National Severe Storms Laboratory (NSSL) so that the informa-
tion obtained from this network was of limited usefulness. However, a
logical, though qualitative, explanation of the squall line formation was
deduced from the synoptic observations, NSSL radar observations,
some network data, and data from other sources. All times in this
section refer to Central Standard Time. Appendix I contains station
information and Appendix III explains the notation used in the figures.
The surface analyses in this section were restricted to a region
of the United States which encompassed not only the squall line itself,
but also the more extensive mesosystem from which it formed. In
order to describe the development of this mesosystem from its begin-
ning, analyses were begun with 0600 even though this was ten hours
before the squall line itself formed. Since 0600 was almost free of
disturbances, the mesosystem was probably an entirely new system,
not a continuation of activity from the day before.
Measurable precipitation fell within the Oklahoma region every
hour from 0000 to 0600, with several recording rain gauge stations in
southeastern Oklahoma and Arkansas receiving hourly totals of over
one inch. Although most of this activity had ceased by 0600, the
meteorological conditions at this time were not uniform. At the surface,
14.
low pressure in western Texas and high pressure in eastern Oklahoma
were producing a flow of warm, moist air into Oklahoma (Figure 3. 1).
A front was apparently located in northern Texas producing a trough,
windshift line (Figure 3.1), a band of low clouds (not shown), and an 80
temperature and dew point drop within 60 miles north of the trough
(Figure 3. Z2). A dry line was located along the Texas and New Me xico
border, but was stationary at this time.
At 850mb warm moist air was flowing up from the Gulf of Mexico
in the circulation of the low in eastern New Mexico (Figure 3. 3). A
nocturnal low-level jet was present in western Texas, producing warm
air advection over much of the region east of the low. At 700mb
(Figure 3.4) the low was further west than at 850mb with relatively dry
conditions prevailing throughout the region. At 500 mb the low was
located in northwestern New Mexico (Figure 3. 5). At this level the low
weakened as it moved eastward during the day, even though at the sur-
face it intensified. At 300 mb a jet stream extended from western Texas
-through central Oklahoma (Figure 3. 6).
There was little cold air advection at 500mb at this time, but
conditions were already very unstable since severe weather had occurred
on the 9th and the Showalter Stability Indices were generally below 0.
Destabilization from differential warm and cold air advection was
apparently not a factor in the squall line formation.
3.2 Analysis for 0900
Showers broke out near CDS (Childress, Texas) soon after 0600.
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By 0900 convective activity was widespread, with several heavy cells
appearing on the NSSL WSR-57 radar (Figure 3. 9). Surface tempera-
tures had warmed up considerably since 0600 in Kansas and Texas where
the sun was shining, but had remained constant in Oklahoma. This
heating to the north and south produced a temperature minimum in
central Oklahoma (Figure 3. 8). The dry line was still near the New
Mexico border but was beginning to move eastward. The disappearance
of the low in northern Oklahoma and the NNE movement of the low in
western Texas were the only significant changes in the overall pressure
pattern since 0600 (Figure 3. 7). Although the front along the southern
Oklahoma border was much weaker, a definite band of precipitation had
developed about 50 miles to the north of it with the same approximate
orientation (Figure 3. 9). Precipitation totals since 0600 were very
light (Figure 3.10).
3. 3 Behavior of cell complexes between 0900 and 1200
As evident in Figure 3. 9, the precipitation pattern was complex.
It would be impossible, and undoubtedly meaningless, to give a cell by
cell account of what occurred. Most of the cells, even the heaviest ones,
lasted only a short time and in many cases were easily confused with
other cells. However, many of the cells were grouped into cell complexes
that could be tracked on the WSR- 57 radar.
The two most significant cell complexes, A and B, are identified
in Figure 3. 9. Cell complex B formed in the southwestern corner of
Oklahoma, and propagated at 44 knots toward the NE. It could be
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followed from 0900 until 1030. This complex produced only transient
effects at the stations over which it passed. LTS (Altus A. F. B.,
Oklahoma) did not observe any pressure rise, cold air outflow, or wind-
shift from Complex B, but did report hail between 0854 and 0858.
Around 0928 at HBR (Hobart, Oklahoma), complex B produced a 5-
minute heavy thunderstorm with hail, a temperature drop from 700 to
620, a pressure rise of . 04 inches, and a windshift from ESE to WSW.
The recovery to pre- storm conditions took Z1 hours.
Cell Complex A behaved quite differently from B, even though the
two complexes existed near each other at the same time. After 1910,
Complex A remained stationary for four hours in an east-west band
through CSM (Clinton-Sherman A, F. B., Oklahoma). Individual cells
would form on the southern side, intensify as they moved through the
complex, and then merge into a solid precipitation shield that was
forming to the north. Since Complex A was stationary, large rain
totals were produced in a narrow band (Figure 3.14). Elk City, 10
minutes WNW of CSM (see Figure 3. 23 for location), received a total of
2.98 inches from 1000 to 1400 while HBR, 30 miles to the south,
received only . 01.
Since the heavy cells in Complex A generally lay in a line, the
complex was a squall line under the definition used in this paper. How-
ever, because of the precipitation shield to the north, this line was not
obvious on the radar except at higher levels (Figure 3.13). In fact,
several lines of intense cells were noted at various times in the precipi-
tation pattern. These squall lines produced only heavy rain. The severe
~ i-__~-llll(_l-I^P llII_ ..I -C1...-- .
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squall line, studied here, formed. at 1600 and produced high winds, hail,
heavy rain and one series of tornadoes. It behaved quite differently from
these other squall lines.
3.4 Analysis for 1200
The cold air already in western Oklahoma at 0900 had cooled
further by 1200, producing a large, distinct region of low temperatures
(Figure 3.12). This cold air was associated with a large rain shield
which at 1200 covered practically the whole northern half of the radar
scope (Figure 3.13). The surface observations indicated that this pre-
cipitation was electrically active, even though according to the radar, the
precipitation was continuous with only small-scale variations in intensity.
South of the Texas Panhandle, the dry line was moving eastward at 25 knots
and had acquired a substantial dew point contrast of 400
The most significant development since 0900 was the appearance
of a front at the southern edge of the cold air in western Oklahoma
(Figure 3.12). At 1200 a 100 temperature and dew point difference along
with a marked windshift was present between CSM and HBR. A trough
along the front and a distinct ridge to the north had developed in the
pressure field (Figure 3.11).
The location of this front east of the low in the Texas Panhandle
suggests that it was a warm front. Actually, the front was moving
slowly southward, at least near CSM. This front was more extensive
than those at the edge of the outflow from air-mass thunderstorms; yet,
it was much smaller than fronts which develop between different air
~
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masses.
3. 5 Origin of the front
At 1030 the wind at CSM, which had been SSE and increasing,
became light and variable. It was not until 1130, when a heavy thunder-
storm occurred, that a permanent N to NE wind at 10 to 20 knots set in.
Before 1130 the precipitation had been very light, even though thunder
was reported at every observation since 0848.
Although the front apparently passed CSM at 1130, it may have
existed for several hours just to the north of CSM. Figure 3.15 gives the
pressure trace at HBR (from the barogram) and CSM (from frequent
observations). Although the perturbations at HBR from Complex B were
transitory, CSM, 30 miles to the NNW, reported variable pressures
throughout the morning because of thunderstorms associated with the
southern edge of Complex A. By smoothing the variations (dashed lines
in Figure 3.15), a noticeable difference was found in the behavior of the
pressure at these two stations. HBR had a steady fall in pressure since
0900, while CSM, reached a minimum at 1030 and then rose until 1200.
This rise was probably caused by the developing ridge to the north of the
front as well as the movement of the frontal trough southward.
Although Complex A could have been caused by upslope winds,
large-scale uplifting, or increased instability from surface heating or
advection, its stationary behavior suggests that it was caused by the
front. Indeed, if the long, narrow precipitation pattern from Complex A
(Figure 3.14) was along the front, then it should be possible to find a similar
19.
pattern at a later time.
Between 1200 and 1400 the front lay within the Agricultural
Research Service rain gauge network (see Appendix I for location).
Figures 3.16 and 3.17 give the hourly precipitation totals for the periods'
ending at 1300 and 1400 respectively, as well as the location of the front
as determined from the NSSL p-network data. At both 1300 and 1400 the
precipitation increased in the vicinity of the front, with at most very
light rain south of the front (although one heavier shower moved through
that region as shown in Figure 3.17). Figure 3.17 shows a very sharp
band of precipitation along the front with a one hour total of more than
1. 50 inches at one of the stations. The above data supports the proposal
that Complex A was caused by the presence of this front. Since Complex
A was stationary as early as 0900, the front may have already formed
by this time.
The formation of Complex A and of the front may have been
simultaneous. The front produced the necessary convergence and up-
lifting to set off thunderstorms, while the thunderstorms produced the
necessary cold air and high pressures. However, the continuous pre-
cipitation and cold air to the north of the front must also have been im-
portant. Complex A was not extensive enough to supply the cold air
necessary to sustain the southward and westward flow. This cold air
must have originated from the extensive region north of the front that
was being cooled by the continuous precipitation shield.
The front remained stationary until around 1100, when it began to
move southward. The movement of the front seemed to be caused both
_1^1III__L__I11__1_I___ilY__ ~.11- ..~-I-~LI~X e^* IIIW -- Ptll-~.
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by advection of cold air and by cold downdrafts from the thunderstorms
along the edge of the front.
3. 6 Analysis for 1400
A new high pressure center had formed in northeastern Oklahoma
in the last two hours (Figure 3.18). This high, like others on this day,
seemed to be associated with continuous precipitation and cool tempera-
tures. The low in the Texas Panhandle had deepened rapidly producing a
strong pressure gradient throughout the Oklahoma region. A flat pressure
gradient near CDS was indicative of another low center developing there.
The front continued southward, although precipitation was no longer coin-
cident with it (Figure 3. 20). As Complex A moved toward the NE the
rain ended in many sections of western Oklahoma, except near CDS. The
temperature analysis (Figure 3.19) showed a 100 temperature drop along
the front and the persisting region of cold air to its north. The dry line
continued eastward, passing AMA and approaching CDS.
3.7 Maximum temperature records
Since 1400 was about the time of maximum temperature, the max-
imum temperature records given in Climatological Data (United States
Weather Bureau, 1964), were used to increase the temperature detail for
the region north of CDS. Even though this data only provided the upper
bound on the temperature, the more numerous observations made up
for the lack of definite information. Stations taking maximumn-minimum
temperatures could be divided into three categories: those that recorded
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the maximum temperature 1) in the morning; 2) in the evening; 3) at
midnight. Since the maximum was listed in Climatological Data on the
day the reading was taken, those stations with morning readings had the
maximum temperatures for the 10th listed on the 11th. Therefore, the
time of observation for each station had to be checked in the list at the
end of the publication.
Although numerous errors (instrumental errors, variations
in the reading times, human errors, and additional irregularities be-
cause May 10 was a Sunday) could have been large enough to obscure the
actual meso-scale pattern, a satisfying degree of consistency was
found. In fact, it cannot be proven that the reports which appeared in-
correct were actually in error.
The maximum temperature analysis (Figure 3. 22) uncovered a
large region of low maximum temperatures in'western Oklahoma and
adjacent portions of Texas. Large temperature contrasts were found at
the southern and western edges of this cold air. Even though this data
gave only the minimum extent of the cold air, it revealed that the cold air
was present further south and west than the synoptic data disclosed.
Figure 3.23 presents the actual maximum temperatures and
station observations at 1400 for the eastern portion of the Texas Pan-
handle. 'Of particular interest is the maximum of 700 at Wellington.
CDS, 30 miles south of Wellington, reported a temperature of 870 at
1400 and had observed temperatures above 700 since 0900. Although
the Wellington maximum could be incorrect, it fit well with the other
maxima to the north and, in addition, showed very good agreement with
I--i~ iuiPnr-- rrrr~--- ----- c- -r- r Ir- ,.,- ~-----u~-rcr~r~- -ax~ ll~--l--*li
22.
CDS on days other than the 10th.
Clearly, Wellington was in the cold air all morning, while CDS
and Memphis were not. Because of the windshift and temperature drop
at CDS at 1410, the location of the front at 1400 was probably that in-
dicated in Figure 3. 23. The high maxima, just to the north of the frontal
location at 1400, probably occurred at a time when the front was further
north.
Between 0900 and 1200, CDS reported broken ceilings below 2000
feet and a higher overcast around 6000 feet, even though no precipitation
fell. Even with these clouds, the temperature reached 800 at 1200. This
low overcast may have been caused by the front just to the north. As
shown in Figure 3. 20, most of the cells in this area at 1400 were located
over the cold air, and hence probably were set off by frontal lifting.
The windshift and temperature drop occurred as these cells passed to the
north. From the weather station data alone it was thought that this cold
air originated from the cells in the area. However, the maximum tem-
perature data revealed that this cold air was just to the north of CDS all
morning.
Since the cold air from Oklahoma reached Wellington but not CDS,
it must have traveled westward across the Texas Panhandle. In the 1200
analysis (Figure 3.12) it appeared that cold air was overspreading AMA;
however, by 1400 it had been replaced by the dry air behind the dry line.
Remarkably, at 1400 AMA reported a temperature of 830 and a dew
point of 140, while BGD (25 miles to the NNE) had a temperature of 680
and a dew point of 600. Obviously, BGD was still in the cold air. Many
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of the maximum temperatures in the eastern Panhandle were in the 70's
while those in the western section were in the 80's. Apparently, the
front htkd a sharp bend towards the north, in the middle of the Texas
Panhandle. This feature was not only present at 1400, but persisted until
a cold front passed at 1700.
Since the front was stationary in this region, the hot, dry air
had to pass over the cold air as it moved eastward. However, this
may not have involved any uplifting. One has to view the situation in
three dimensions. This region of Texas slopes rapidly downward
towards the east. In fact, the Caprock Escarpment (shown in Figure 3. 22)
is a cliff with a nearly vertical drop of around 500 feet. At the surface
east of the Caprock, a thin layer of the cold air was entrenched while
above it the hot air flowed horizontally eastward. The cold air vas
probably forced toward the north because the extremely stable conditions
prevented vertical motions and mixing. In fact, Canyon's maximum of
790 may have been caused by cold air flowing up the valley.
There were several statipns in the cold air with maximum tem-
peratures that seemed too high. Miami, for instance, reported a max-
imum of 850. Although BGD reported a temperature of 680 at 1400, the
Smaximum for Borger (near BGD) for the day was 800. The hourly tem-
peratures at BGD showed that the maximum occurred much later in the
afternoon just before a cold front passed. Hence, the maximum at
Miami may also have been higher than the 1400 temperature for the same
reason. The maximum of 930 for Shamrock Radio cannot be explained
physically, since it was higher than any of the maxima reported in the
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surrounding area. Probably, it was a bad report, but of course, this
cannot be definitely established.
3.8 Analysis for 1600
At 1600 the radar showed a continuous region of precipitation in
northeastern Oklahoma (Figure 3. 26) where rain totals in the last two
hours exceeded .05 inches (Figure 3.27). In western Oklahoma, the
rain had just about ended. As the heavy precipitation moved eastward,
the center of cold air accompanied it (Figure 3. 25). Temperatures as
low as 600 were reported. CDS was still in the cold air, but the dry
line must have been very close since dust was observed. CDS reported
a temperature of 890 and a dew point of 180 at 1700. A low was forming
near CDS at this time, at the upper end of the dry line. A cold front,
moving rapidly southeastward, had entered the Texas Panhandle.
Although scattered thunderstorms had been present in western
Oklahoma since 1200 (called Complex C in Figures 3.13, 3. 20 and 3. 30),
they did not become organized and intense until 1600, when the squall
line formed from them. The squall line can easily be seen in Figure 3. 26,
extending southwestward from the general rain area in northern Okla-
homa. Before 1600 the cells composing Complex C were short-lived
and weak. However, as the squall line formed they transformed into
three super-cells (Browning, 1964). These super-cells were easily
followed on the radar scope across the entire p-network. They produced
heavy rain, hail, and a series of tornadoes. The author has published
details of the squall line behavior elsewhere (Baker, 1966).
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3. 9 Formation of the squall line along the front
As evident in Figure 3. Z6, the squall line formed just behind the
front, with approximately the same orientation. In addition, the length
of the squall line was approximately the same as that of the eastern edge
of the front. Even though the northernmost cells of the squall line were
25 miles behind the front at 1600, they did not produce hail, tornadoes,
or other severe weather until reaching the front. Apparently, the front
was crucial to the intensification of the convection and the squall line
formation.
Heavy precipitation from Complex A fell along the front in the
morning and early afternoon. Several hours elapsed between the end of
this heavy precipitation and the development of the squall line, even
though the front was still present. In addition, Complex A was never as in-
tense as this squall line. Other factors must have contributed to the
formation of the squall line. These factors inhibited thunderstorms for
several hours, yet produced more severe ones when they did occur.
3.10 Other factors influencing the squall line development
Serial soundings at FSI showed low level warming just before the
squall line passage (Figure 3. 28). However, at the same time the 500mb
temperature was also increasing, so that only a slight steepening of the
lapse rate occurred. Since the squall line formed 30 miles to the WNW
of FSI, the FSI soundings may not have been representative of that
region. For instance, the 1700 sounding at OKC, located at the edge of
the cold air, was 50 C lower in temperature than 1700 FSI sounding at all
_I_1I__ _~j~_ _ __~1~1
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levels given in Figure 3. 28.
A marked increase in instability could result from warm, moist
air from the FSI region passing under the cold 500 mb air at OKC. A
comparison of the OKC balloon position and RHI pictures from the
NSSL MPS-4 radar showed that the balloon went through a region of
precipitation aloft at about 570 mb--the same level that a marked in-
crease in temperature was reported by the radiosonde (Figure 3. 29).
This rise was followed by a layer of abnormally low temperatures. Such
low temperatures could be caused by a wet thermal element, in which
case the wet-bulb temperature would be sent. If the actual temperature
lapse rate were constant from 600 to 400 mb (dashed line in Figure 3. 29),
the 500 mb temperature would have been -12 0 C. Assuming that the
humidity element was correct, the proposed actual wet-bulb temper-
ature would be within 10 C of the reported 500 mb temperature. How-
ever, -12 0 was about the 500 mb temperature observed at FSI. There-
fore, an increase in instability from colder 500 mb air apparently was
not a factor in the squall line development.
Although the position of the dry line at 1600 could not be exactly
established, it was clearly west of CDS (see Figure 3.25). Since the
squall line, at the same time, was 40 miles to the northeast of CDS,
it could not have formed on the dry line.
Dry air, not directly associated with the dry line, appeared to
be moving into western Oklahoma. As Complex C approached CSM at
1420, the low clouds there began to break. The scattered light showers of
27.
Complex C were very different fr'om the heavy continuous rain areas that
existed earlier in the day, It appeared that Complex C was associated
with drying conditions aloft. The low overcast at CDS disappeared rapidly
between 1300 and 1400, even though there was no noticeable decrease in
moisture at the surface. This clearing could also have been caused by
drying conditions aloft. An examination of the FSI serial soundings
showed a gradual decrease in moisture in the lower troposphere in both
layers given in Table IL.
Table II
AVERAGE RELATIVE HUMIDITY (o)
(data points every 50 mb)
Time 950 to 500 mb 850 to 600 mb
0900 83 72
1200 63 67
1500 71 74
1700 70 70
1900 61 6z
2100 53 44
Although dry air inhibits convection because of mixing, moder-
ately dry air aloft can stimulate it. Consider the sounding at OKC pre-
_ naented in Figure 3, 29,-. The sounding was conditionally unstable and
completely saturated up to 570 mb. Suppose that the lowest layers were
lifted when they encountered the front. No substantial increase in the
lapse rate would occur since all the layers would rise moist adiabatically.
However, for the same initial lapse rate, but with drier air present aloft,
an equal amount of lifting could produce superadiabatic lapse rates since
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the upper layers cool dry adiabatically and the lower layers moist adia-
batically. This increased instability would produce more intense con-
ve ction.
The drying aloft might explain the intensified convective activity
along the front. The moderately dry air by itself, while having the po-
tential energy for severe convection, did not have the initial lifting
necessary to release it. The front had the lifting and provided the orien-
tation of the cells, but it did not have the atmospheric conditions necessary
for severe convection as long as the saturated conditions prevailed. It
was only when the two conditions existed at the same time that the squall
line formed.
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Section 4. The squall line of 9 June 1965
4.1 Introduction
The Thunderstorm Project (Byers, 1949) observed lines of
thunderstorms on 32 of the 56 thunderstorm days which had extensive
radar coverage. Most of these lines were associated with fronts, but
on 7 of the days the lines developed without fronts in apparently homo-
geneous air masses. These lines were called air-mass squall lines.
The squall line on 9 June 1965 was of this type.
Why an air-mass squall line can occur has not been adequately
explained. There are two possible explanations: 1) the internal organ-
ization of the thunderstorm complex favors formation in a line; 2) an
external disturbance (mesosystem), too small to appear in a synoptic
analysis, causes the thunderstorms to develop in a line. Such a meso-
system appeared in the June 9 squall line situation described below.
All times in this section refer to Eastern Standard Time.
4. 2 Classification of the squall line
The 9 June 1965 squall line formed in southern New England
around 1800. It consisted of only three widely- separated cell com-
plexes, even at 1945 when it appeared to be most organized. At 1900,
these cell complexes were oriented along a NE-SW line stretching
from southern New Hampshire to western Massachusetts and were
associated with a meso-high and trough as shown in Figure 4.1.
According to the analysis by the Weather Bureau, the squall line
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formed ale ad of a cold front located in central New York at 1900. How-
ever, although there was a trough at this time in central New York,
there was no air-mass change characteristic of a front. The nearest
possible location of a front was a zone in Canada (indicated in Figure 4.1
by a solid line) across which there was a marked dew point drop. How-
ever, this Canadian front was too distant tohave had any direct connec-
tion with the formation of the squall line in New England. Clearly, this
squall line was not a pre-frontal, but an air-mass squall line.
4. 3 Formation of the squall line
After heavy rain early in the morning, June 9 became fair with
only scattered cumulus humilis in southern New Hampshire. However,
one and a half hours before the squall line formed the author witnessed
near Bradford, New Hampshire, the passage of a southward-moving
line of scattered cumulus accompanied by gusty winds, which lasted
about two minutes. None of these cumulus had any great vertical
development. At 1800 large, towering cumulus clouds could be seen to
the SE. The author set out toward the clouds in an automobile with a
psychrometer held out the right vent window to locate the position of the
line of cumulus and to study the temperature field associated with the
line.
From Bradford (at 1820) to the clouds (at 1908) the temperature
averaged 72o and the dew point 600, except for a section where the road
was wet (see Figure 4. 2). One of the towering cumuli became glaciated
at 1825 (15 minutes before the SCR-615B at M. I. T. detected the cell).
31.
By 1845 this cell, which was producing heavy rain and vivid lightning,
had a line of dark clouds extending toward the WSW. By 1900, this line
had become clearly evident on the radar as shown in Figure 4. Z2. This
line of cells was the cell complex south of CON shown in Figure 4.1
When the author crossed this line at 1908, he encountered moderate
rain and a temperature of 680. On the south side of the rain, the dew
point was still 600, but the air temperature was 77
0
-- a rise of 50
Although the temperature observations of 680 were probably
produced by cold air from the squall line, the 50 temperature difference
was observed in regions that were apparently unaffected by the cold air
outflow from the squall line. In fact, cool temperatures were observed
behind the squall line even before the clouds became cumulonimbi.
The automobile data indicated that the windshift line and clouds
were on the edge of a mass of cool air that was moving southeast. That
portion of the squall line south of CON formed on this edge. Therefore,
this squall line can be classified as having been formed by an external
mesosystem at the leading edge of cool air. But where did this cool
air come from?
4.4 Meteorological, conditions at 1400 EST
Between 0800, when heavy precipitation fell in portions of
southern New Hampshire and Vermont, and 1400, when extensive thunder-
storm activity formed in northern Vermont, only widely scattered thun-
derstorms had occurred in New England. These thunderstorms were
probably caused by thermal heating of the surface and convergence from
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the sea-breeze. Figure 4.3 gives the surface analysis for 1400. Since
no radiosondes were released atthis time, the pressure reduction
technique used at 1900 (Figure 4. 1) could not be used without modification.
The reductions for 1900 were adjusted by subtracting the change in the
normal pressure reduced to sea level. Hence, allowance was made for
changes in the mean temperature of the atmosphere between 1400 and
1900. The station pressure corrections found in Section 2.7 were also
applied.
The pressure field at 1400 (Figure 4. 3) did not indicate the
existence of any significant meso- scale features. The only distinct
feature was a stationary trough in western Massachusetts. Although
this trough may have resulted from errors in station pressures or re-
ductions, a more reasonable explanation is that the trough was a heat-
low produced by the more intense heating of the air over the land than
over the ocean. Such differential heating would have produced the ob-
served sea breeze at BOS and the intensification of the pre-existing
pressure gradient along the south coast of New England.
4. 5 Initial thunderstorm activity
The thunderstorm activity observed at BTV at 1400 (Figure 4. 3)
was the beginning of an area of thunderstorms which subsequentlymoved
across northern Vermont and New Hampshire. Since this region was
beyond the range of the M. I. T. SCR-615B radar, data from Hourly
Precipitation Data (United States Weather Bureau, 1965), was plotted
and analyzed in order to determine the extent, duration, and intensity of
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the precipitation.
The daily 24-hour totals from the non- recording rain- gauge net-
work published in Climatological Data (United States Weather Bureau,
1965) were also employed, where possible, to increase the details of the
analysis. These totals, however, included unknown rainfall amounts
from rain in the morning of both the 9th and 10th. In order to obtain an
estimate of the rainfall from just the afternoon activity, corrections had
to be applied.
Fujita (1955), determined these corrections in the following way:
for each hourly rain gauge station he computed the percentage of the 24-
hour total rainfall resulting from the storm being studied. He then
analyzed these percentage s obtaining interpolated values for each non-
recording rain gauge location. The rainfall from the storm was then
estimated at each rain gauge location by multiplying the observed 24-
hour total by the interpolated percentage. Although this procedure may
be valid in many situations, the author believes that when the precipita-
tion is from convective storms, such as occurred in this study, the
method is not reliable. Convective precipitation is so variable that any
rainfall analysis, even when based upon data as closely spaced as the
hourly rain gauge network, is actually a very crude approximation of
the true rainfall pattern. Any technique based upon such an analysis
could make the final result less accurate than the original analysis.
Some of the non-recording rain gauges were read around 1800
June 9 and most of the others around 0800 June 10. An analysis of the
hourly precipitation totals showed that the rain gauges read at 0800
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contained substantial precipitation amounts from a second period of con-
vective precipitation which occurred around 0400 June 10. These totals
could not be used because it was impossible to determine accurately how
much each storm contributed to the total 24-hour rainfall. The few rain
gauges read around 1800 also contained precipitation from the morning
of June 9. However, since this rain was light and uniform in the region
where the afternoon thunderstorms occurred, an analysis of the morning
precipitation (using the hourly rai n gauge totals) probably resulted in a
good approximation of the actual pattern. Values interpolated from this
analysis were subtracted from the reported 24-hour rainfall in order to
obtain an estimated total for the afternoon period.
An analysis of the precipitation that fell in the afternoon is given
in Figure 4. 4 (estimated amounts are indicated by parenthe se s). The
precipitation moved eastward across central and northern Vermont and
New Hampshire producing rainfall totals greater than . 50 inches at
several stations and i. 20 inches at MPV. Although the cause of these
thunderstorms cannot be definitely established, they were probably set
off by a combination of unstable conditions aloft, solar heating of the
surface layer, and an enhancement of convection by the mountains. The
afternoon activity h-ssipated in northern New Hampshire around 1800,
about one hour-before the squall line cells developed in southern New
Hampshire 50 miles further south.
4. 6 Origin of the cold air
The available hourly observations indicate that the cold air
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which produced the squall line originated from this thunderstorm
activity. LEB, located just south of the precipitation (see Figure 4. 4),
reported a windshift from W to NNE and a temperature drop of 130
between 1600 and 1700. The windshift passed Bradford, 35 miles SE of
LEB, at 1715 and at CON, 27 miles ESE of Bradford, the wind changed
from SW at 5 knots at 1700 to N at 12 knots at 1800. However, the
temperature break apparently.passed CON between 1800 and 1900
when the temperature fell 80.
These observations support the contention that the cumuli and
squall line formed at the leading edge of a cold air mass. However,
since the line of cumulus clouds occurred with the windshift at Bradford,
and since a temperature rise was observed across the squall line, it
seems reasonable to deduce that the windshift and temperature break
were coincident. CON, though, observed that the windshift and tem-
perature break were not coincident. Not enough data is available to
resolve this discrepancy.
4.7 Comparison of the June 9 mesosystem with those studied byFujita
The history of the development of this cold air outflow is very
similarto that found by Fujita (1959b) in a study of the pressure evolu-
tions of large mesosystems. Fujita found that regions with extensive
thunderstorm activity produced a meso-high which subsequently ex-
panded outward over an area several times larger than that of the
original rain area, often with pressure jumps along its leading edge. In
several cases squall lines formed on this edge. He proposed (Fujita,
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1959a) that the increase in pressure was caused by the hydrostatic in-
crease associated with a mass of cold air flowing out of the thunder-
storm area. Supposedly, the collective outflows from the many down-
drafts produced a mass of cold air sufficient to expand hundreds of miles
from its source. However, lack of adequate temperature data preven-
ted a direct verification of this hypothesis.
Although it is difficult to compare mesosystems because of the
many factors that influence their structure, mesosystems producing
similar total rainfalls may also have other similar characteristics.
The total mass of rain produced by the afternoon activity on June 9 was
estimated to be 137 megatons, by averaging the precipitation totals with-
in the dotted rectangle in Figure 4. 4 and then multiplying by the en-
closed area (the calculations are given in Appendix II). Although most
of the mesosystems studied byFujita resulted in more precipitation, one,
on July 20, 1956, produced nearly the same amount (125 megatons).
This mesosystem formed in a region of weak circulation and expanded
fairly symmetrically. Seven hours after the beginning of the precipi-
tation, it had reached 160 miles in radius, even though the original
precipitation had dissipated by this time. The June 9 mesosystem
reached 100 miles from its source, five hours after the initial precipi-
tation. Hence, Fujita's hypothesis that the pressure rises are caused
by cold air outflow is verified by the June 9 mesosystem.
4.8 Pressure evolution of the June 9 mesosystem
Since both mesosystems had approximately the same rate of
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expansion, one might expect their pressure evolutions to be similar.
A detailed pressure analysis for 1900 was made using the re-
ductions based on the radiosonde data (Figure 4. 5). The station
pressure corrections found in Section 2.7 were also applied. The most
significant change since 1400 was the formation of the meso-high in
southern Vermont. The pressure rises associated with the meso-high
produced a closed low in central Massachusetts from the trough which
existed at 1400. It was the meso-high, rather than the low, that seemed
to have meso-scale significance, although the lower pressure may have
intensified the pressure changes. BDL, for instance, reported a
pressure jump at 2034 and CEF had a .09 inch pressure rise in the
same hour. Pressure rises at other stations were not as great.
If the cold air from the Vermont thunderstorm activity were
spreading out symmetrically, like the mesosystem Fujita studied, then
it could not have reached ALB by 1900. In addition, it would have had to
pass GFL, but GFL at 1900 was 770 while ALB and CON were in the low
70's. The large gap in the radar echoes suggests that there were two
mesosystems--the one already studied, and another originating around
ALB. Because of the limited number of pressure observations, there
was not sufficient data to establish two me so-highs. In order to achieve
a more precise analysis of the pressure field, barograms were obtained
so that the technique of space-time conversions (Fujita, 1955) could be
applied.
However, one basic difficulty was encountered. The meso- scale
pressure perturbations could not be easily separated from synoptic var-
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iations on the barograms. This difficulty was really three-fold. 1) Since
barograph periods ranged from one to five days, all the traces had to be
replotted with the same time scale in order to make the me so- scale var-
iations appear similar. 2) Several barographs, especially those with
long periods, appeared to damp out the meso- scale changes. 3) Since
the amplitude of the meso-scale changes was around .02 inches, the
semi-diurnal variations were also important.
Stations which had thunderstorms, such as MPV, observed a
definite pressure dome (see MPV in Figure 4. 6). Other stations repor-
ted pressure rises, but an isochrone analysis showed that these rises oc-
curred practically simultaneously. The nature of these pressure
changes was ascertained from a graph of deviations from the 24-hour
mean pressure for stations along a line from BOS to SYR (Figure 4.6).
The pressure changes did, in fact, occur simultaneously at the stations.
However, stations in the west had much larger changes than those in the
east. Indeed, the western stations had larger amplitudes in the morn-
ing as well as in the afternoon. The semi-diurnal changes would appear
almost simultaneously at these stations, since the wave travels at 150
longitude per hour and the cros s- section was only 40 long. However,
this would not explain the greater amplitude of variation at the western
stations.
Possibly these amplitude variations were due to differential
heating effects superimposed upon the diurnal variations. However,
whether or not these effects also appear on other days has not been
inve stigated.
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This data suggests that the meso-high was not due to cold air
outflow from thunderstorms, but was caused by the greater pressure
rises in the west than in the east. Possibly both effects were occurring
simultaneously.
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Section 5. Conclusions
Both the 10 May 1964 squall line and the northern cells of the
9 June 1965 squall line formed along fronts produced by larger meso-
systems. These fronts were characterized by distinct windshifts and
temperature breaks. The existence of mesoscale fronts in these cases
suggests that many squall lines have a similar origin. Such mesoscale
fronts would appear at only a.few weather stations, making it difficult
to establish their existence even from detailed anaylses. Although
squall lines are correlated with atmospheric features such as jet streams,
-these features may favor the formation of mesoscale fronts rather than
producing squall lines directly. Clearly, further studies should be
made of such fronts to determine their characteristics and associations
with squall line formation.
Although a network of surface stations is ideal for such investi-
-gations, the employment of an automobile to gather data is also feasible.
Because of the car's mobility and operational simplicity, it could be
u-sed to determine the frequency of occurrence and significance of such
fronts, even though it is incapable of establishing a complete descrip-
tion of them.
The front on 10 May 1964 was located at the edge of a mass of
cold air flowing out of a vast thunderstorm region. This flow was very
unsymmetrical because of the pre-existing pressure gradient. Hence,
it differed markedly from the thunderstorm outflows located within flat
-pressure fields (Fujita, 1959b). Oliver and Holzunth (1953) proposed
that cold air from rain to the north of a stationary front could produce
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a high pressure region beneath the rain. This situation would cause the
front to move rapidly southward. This hypothesis describes in general
terms the actual sequence of events on 10 May 1964. However, the cold
air flow pattern was not the simple one they envisioned (see Section 3. 7).
Hopefully, this paper has shown the need for further investigations
of mesosystems associated with strong synoptic pressure gradients.
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APPENDIX I
STATION INFORMATION
Oklahoma Region
Period of
Observations
Available
Pressure Information
ARKANSAS
Fort Smith
Fayetteville
Texarkana
Chanute
Dodge City
Garden City
Wichita
Liberal
Parsons
all day
all day
all day
all day
0630-2120
1300-1700
MISSOURI
Joplin all day
NEW MEXICO
Clayton
Clovis
Hobbs
Tucumcari
irregular
0855-2155
all day
all day
OKLAHOMA
Ardmore all day
Bartlesville 0800-2200
Clinton-
Sherman AFB all day
Duncan
Vance AFB
Fort Sill
Gage
0600-1500
0856-1758
all day
all day
TABLE I
Call
Letter s Location
FSM
FYV
TXK
all day
all day
all day
KANSAS
CNU
DDC
GCK
ICT
LBL
PPF
1
I*
1
1*
0
OE
JLN
CAO
CVN
HOB
TCC
ADM
BVD
CSM
DUC
END
FSI
GAG
3
OE
0
3
1*
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Location
Period of
Observations
Available
Pre s sure Information
OKLAHOMA
Guymon
Hobart
Altus AFB
Muskogee
McAlester
Oklahoma City
Ponca City
Stillwate r
Tinker AFB
Tulsa
Abilene
Amarillo
Borger
Big Springs
Childr e s s
Dallas
Dalhart
Fort Worth
Lubbock
Midland
Perron AFB
Paris
Plainview
Wichita Falls
0950-1958
all day
all day
1100-2200
all day
all day
all day
0650-2150
all day
all day
all day
all day
0900-2100
0733-1640
all day
all day
all day
all day
all day
all day
all day
0900-1800
0600-2200
all day
Code for Available Pressure Information
0 only altimeter setting given
.1 ~pres sure reduted to- sea level -given every hour
3 pressure given every three hours
6 pressure given every six hours
E estimated
* barogram obtained
Call
Letters
GUY
HBR
LTS
MKO
MLC
OKC
PNC
SWO
TIK
TUL
OE*
1*
3
OE
1*
1*
1*
OE
3
1*
TEXAS
ABI
AMA
BGD
BGS
CDS
DAL
DHT
GSW
LBB
MAF
PNX
PRX
PVW
SPS
OE
OE
1*
1
3
OE
0
1*
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APPENDIX I
Figure 1 Station call letters and heights (in feet) for Oklahoma
region. Information taken from U. S. Naval Oceanographic Office
publication: Weather Station Index, H. O. PUB., No. 119, 4th Ed.,
Z8-August95. Rectangle in Texas Panhandle area gives location
of Figure 3.23. Dots are NSSL p-netwvork stations (see Appendix I
-- Figure 2). Center of radar range circles is NSSL headquarters at
Norman, Oklahoma.
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APPENDIX I
TABLE II STATION INFORMATION
. Northeastern United States
Call
Letters
CONNECTICUT
BDL
BDR
HVN
Location
Hartford
Bridgeport
New Haven
DELAWARE
Wilmington
Augusta
NAS Brunswick
Portland
MASSACHUSE T TS
Nantucket
Hanscom Field (Bedford)
Boston
Westover AFB
New Bedford
Otis AFB
Hyannis
NAS South Weymouth
Worcester
Pittsfield
MICHIGAN
Alpena
Detroit
Flint
Saginaw
Wurtsmith AFB
Detroit (Willow Run)
ILG
MAINE
AUG
NHZ
PWM
ACK
BED
BOS
CEF
EWB
FMH
HYA
NZW
ORH
PSF
APN
DET
FNT
MBS
OSC
YIP
Location
NEW HAMPSHIRE
Concord
Keene
Lebanon
Manche ster
Pease AFB
NEW JERSEY
Atlantic City
Newark
NAS Lakehurst
NEW YORK
ALB
ART
BGM
BUF
ELM
FOK
GFL
HPN
ISP
JFK
LGA
MSS
PBG
POU
RME
ROC
SWF
SYR
-... CA
Albany
Watertown
Binghamton
Buffalo
Elmira
Suffolk County AFB
Glen Falls
White Plains
Islip
New York JFK Airport
New York La Guardia Airport
Mas sena
Plattsburg AFB
Poughkeepsie
Griffiss AFB
Rochester
Steward AFB
Syracuse
Utica
OHIO
CAK
CLE
CMH
DAY
FDY
MFD
Akron
Cleveland
Columbus
Dayton
Findlay
Mansfield
Call
Letters
47.
CON
EEN
LEB
MHT
PSM
ACY
EWR
NEL
48.
Call
Letters Location
OHIO
TOL Toledo
YNG Youngstown
Z Z V Zane sville
PENNSYLVANIA
ABE Allentown
AOO Altoona
AVP Wilkes- Barre
BFD Bradford
DUJ Dubois
ERI Erie
HAR . Harrisburg
IPT Williamsport
PHL Philadelphia
PIT Pittsburgh
PNE Philadelphia
PSB Phillipsburg
RDG Reading
RHODE ISLAND
BID Block Island
NCO NAS Quonset Point
PVD Providence
VERMONT
BTV Burlington
MPV Montpelier
WEST VIRGINIA
MorgantownMGW
APPENDIX I
Figure 3
Figure 1.
Station call letters and height (in feet) for eastern U. S. region. Same information source as
50.
APPENDIX
AUG
0
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RME
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Figure 4 Station call letters and height (in feet) for New England area.
Same information source as Figure 1.
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APPENDIX II
Area of rectangle: 100 miles x 75 miles - 1.61 x 10 7cm x 1. 20 x 10 7cm
S. 93 x 1014 cm
Average precipitation from 19 stations: . 25 inches = . 64 cm
14 3
Volume of water: 1. Z4 x 10 cm
Mass of water: 1.24 x 1011kg
but 1 kg = 1.1 x 10- 3tons (English units)
Total weight of rainfall produced: 137 megatons
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APPENDIX III
Explanation of Notation
STATION CODE
Temperature (OF) Pressure
" 76 33
nt weather TRW <E - Cloudiness
72- BTV
ew point (oF) Station call le
Wind
tter s
WIND
p-i
0
1-2
3-7
8- 12
13-17
knots
knots
knots
knots
knots
88 - 28.88
88 - 29. 88
PRESSURE
for reductions to 1304feet (10 May 1964)
for reductions to sea level
PRESENT WEATHER
F
TRW
fog
mode rate thunder shower
thunder
Pre se
D
53.
CLOUDINESS
ANALYSI
L
H
W
K
RADAR N'
(10 May
NSSL WS
I Precipitation area
Level
0
2
4
Solid 6
clear
scattered
broken
overcast
S NOTATION
front
dry line with no frontal characteristics
trough
low pressure center
high pressure center
warm air center
cold air center
OTATION
1964)
R- 57
Estimated precipitation rate
(inche s/ hour)
.02
.10
1.00
5.00
54.
TOTAL PRECIPITATION ANALYSES
. 01 lto 1. 00
: 1. 00
Figure 2.1 Regions of analysis for the two cases considered (hatched) and regions affected by 
the squall
lines (shaded).
56.
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IO
.20
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--..29-50-
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TEMPERATURE (oC)
Figure 2.2 Pressure at various levels as a function of mean
temperature assuming a constant surface pressure of 30. 00
inche s.
surface of earth
SPC C'
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Fig. 2.3
A PC cc
- ~-.~~
58.
Figure 2.4 Analysis of pressure reduced to sea level using radiosonde data
for 1900 EST 23 June 1965 to obtain station pressure corrections. Pressures
in parentheses are reduced pressures before station pressure corrections were
made.
Figure 2. 5 Analysis of pressure reduced to sea level (normal method) for 1900 EST 9 June 1965
60.
Figure 2.6 Analysis of pressure reduced to 1304 feet using
radiosonde data (same as Figure 3.1) for 0600 CST 10 May 1964 (50= 28. 50
inche s)
Figure 2. 7 Analysis of pressure reduced to sea level (normal
method) for 0600 CST 10 May 1964 (80-- 29. 80 inches)
44,r46 4 5052 52 4 56  860 62
61.
I 444 s46 8 50 5 2 54 56 5860 62 64
Figure 3.1 Analysis of pressure for 0600 CST 10 May 1964
Pressure in inches (28 = 28. 28) reduced to 1304 feet. See text.
Figure 3. 2
10 May 1964
Appendix III
Analysis of surface temperature (OF) for 0600 CST
(see Appendix I for station information and
for explanation of notation)
Figure 3. 3 Analysis of 850mb height (meters) and temperature (OC) for 0600 CST 10 May 1964
Figure 3,4 Analysis of 700 mb height (meters) and temperature (o0 C) for 0600 CST 10 May 1964
"all
Figure 3. 5 Analysis of 500 mb height (meters) and temperature ( C) for 0600 CST 10 May 1964
~..-cl~'w*~'~"6r.*4CIsM*prrar*LPRTll;ra*
60 W964
Figure 3.6
H
Analysis of 300 mb height (meters) and temperature (oC) for 0600 CST 10 May 1964
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68.
Figure 3.11 Analysis of pressure (in inches) for 1200 CST
10 May 1964
Figure 3.12
10 May 1964
Analysis of surface temperature (OF) for 1200 CST
B-
69.
Figure 3.13 NSSL WSR-57 radar pattern for 1200 CST 10 May 1964
Figure 3.14 Total precipitation (in inches) for period 0900-1200
CST 10 May 1964
70.
d 28.35
S .30
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S.20 HBR
(n 28.15
C)
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.- 85- CSM
27.80
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TIME (CST)
Figure 3.15 Comparison of station pressure variations
at HBR and CSM for period 0600-1400 CST 10 May 1964.
Solid line: actual pressure; dashed line: smoothed pressure
71.
Scale L
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Figure 3.16 Total precipitation (in inches) from 1200-1300 CST
10 May 1964 for the Agricultural Research Service network (dots).
NSSL P-network stations are numbered (see Appendix I for net-
work locations)
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Figure 3.17 Total precipitation (in inches) from 1300-1400 CST
10 May 1964 for the Agricultural Research Service network (dots).
NSSL p-network stations are numbered (see Appendix I for net-
work locations).
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Figure 3.18 Analysis of pressure (in inches) for 1400 CST
10 May 1964
Figure 3.19 Analysis of surface temperature (OF) for 1400 CST
10 May 1964
Figure 3.20 NSSL WSR-57 radar pattern for 1400 CST
74.
o
o
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Figure 3. 21 Total precipitation (in inches) for period 1200-1400
CST 10 May 1964
75. -
Figure 3. 22 Maximum temperature analysis 
for 10 May 1964
Seetext Maxima of 70 or 
less are shaded.
4 )..... Seetext. Maxima of 700 or less are shaded.
tBGD .
.
- Borgej . .. .
Propose -,cation of edge of cold air at 14:00: .
73 93 +
S.. McLean "Shamroc '
Radio "
76
70 8
.- Wellington -
'Cit
k CSM
a
HBR F
Hobart 4,2'
Memphis'" 84
-t
8
Caprock
Escarpment
STe'r
Windshift
1410
mperature at 1500 =78
Figure 3.23 Maximum temperatures and 1400 CST observations for 10 May 1964.
Location of Figure given in Appendix I, Figure 1. 2000 foot contour (right dotted
line) and 3000 foot contour (left dotted line) and Caprock Escarpment (dashed lines)
are also given.
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Figure 3. 24 Analysis of pressure (in inches) for 1600 CST 10 May 1964
Figure 3. Z25 Analysis of surface temperature (OF) for 1600 CST
10 May 1964
78.
Figure 3.26 NSSL WSR-57 radar pattern for 1600 CST 10 May 1964
Figure 3.27 Total precipitation (in inches) for the period
1400-1600 CST 10 May 1964
20 950 mb
a 50mb 9o
o 850 +
to
700 mb 700+
W 500mb10
S500+
w -20 OKC
1700
, 1 I
0900 1200 1500 1700 1900 2100
TIME (CST) Passage of squall line
at FSI
Figure 3. 28 Temperature of significant levels from 950 mb to 500 mb on 10 May 1964
from serial soundings at FSI. Crosses at 1700 give same significant levels for OKC
sounding.
0 "
80.
-Figure 3.29 - 1700 CST 10 May 1964 Sounding at OKC (temperature and
dew point)
81.
NSSL WSR- 57 radar pattern for 1500 CST 10 May 1964Figure 3. 30
Canadian
available
84
88 = 29.88 inches
[C Precipitatlon
area estimated
Figure 4.1 Pressure reduced to sea level using radiosonde data for 1900 EST 9 June 1965; pressure
trough: dashed line; possible front: solid line. Precipitation areas in New England from MIT SCR-615B radar,
LW-4
7 1830 Figure 4.2
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Explanation on next page.i!
S 2 4 6 . 8 I0 Manche 
.... M 9
Statute Miles
6I IIr.
84.
Explanation of Figure 4. 2
9 June 1965
(See Figure 4. 4 for loc ation of map)
city limits
route taken (1-89, Everett Turnpike, 1-193, 1-93)
observation point
PLOTTING NOTATION
Temperature --- 68 1/ 30 < - time (EST)
Dew point - > 3
RADAR LEVEL CODE
M. I. T. SCR- 615B Radar
Precipitation area
Code Level Equivalent rainfall rate (inches/hour)
.1 .05
3 .16
4 .40
- - , 5 '--1. O0
- 1Solid shading 6 1.60
85.
Figure 4. 3
(90= 29. 90).
Analysis of pressure (in inches) for 1400 EST 9 June 1965
86.
--Figu-reA-4A -T-otal-pre cipitation -in--inches )-frontr-afternoon-thunder storm
activity on 9 June 1965. Figures in parentheses are estimated amounts
-(see Section 4. 5).
S50 inches
Dotted rectangle: region used for calculation of total rain produced (see
-Section 4. 7)
87.
Figure 4. 5
Same radar
Analysis of pressure (in inches) for 1900 EST 9 June 1965.
notation as Figure 4. 2.
04 06 08 10 12 14 16 18 20 22 24
TIME ( EST ) In hours
* .05 INCHES
Figure 4. 6 Pressure deviations from 24 hour mean on 9 June 1965 for
various stations.
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